ABSTRACT. Changes of the equilibrium-line altitude (ELA) since the end of the Little Ice Age (LIA) in eastern Nepal have been studied using glacier inventory data. The toe-to-headwall altitude ratios (THARs) for individual glaciers were calculated for 1992, and used to estimate the ELA in 1959 and at the end of the LIA. THAR for debris-free glaciers is found to be smaller than for debris-covered glaciers. The ELAs for debris-covered glaciers are higher than those for debris-free glaciers in eastern Nepal. There is considerable variation in the reconstructed change in ELA (ÁELA) between glaciers within specific regions and between regions. This is not related to climate gradients, but results from differences in glacier aspect: southeast-and south-facing glaciers show larger ÁELAs in eastern Nepal than north-or west-facing glaciers. The data suggest that the rate of ELA rise may have accelerated in the last few decades. The limited number of climate records from Nepal, and analyses using a simple ELA-climate model, suggest that the higher rate of the ÁELA between 1959 and 1992 is a result of increased warming that occurred after the 1970s at higher altitudes in Nepal.
INTRODUCTION
There is widespread evidence that glaciers are retreating in many mountain areas of the world. Haeberli and Beniston (1998) reported that since 1850 the glaciers of the European Alps have lost about 30-40% of their surface area and about half of their volume. Similarly, glaciers in several regions of central Asia have been retreating since the 1950s (Fitzharris, 1996; M. Meier, unpublished information) . Glacial retreat is also prevalent in the higher elevations of the tropics. Glaciers on Mount Kenya and Kilimanjaro have lost >60% of their area in the last century (Hastenrath, 1991; Hastenrath and Greischar, 1997) , and accelerated retreat has been reported for the Peruvian Andes (Kaser and Osmaston, 2002; E. Mosley-Thompson, unpublished information) . Although there is considerable variability at regional and local scales, and over shorter time periods, the overall global signal shows mass loss and retreat of glaciers during the last century. Glacier retreat during the last century is probably a reflection of post-industrial warming (Houghton and others, 2001) . For the period 1884-1978, the mean global glacial retreat corresponds to a calculated warming of about 0.78C (100 a) -1 (Oerlemans, 1994) . Global compilations indicate that the wastage of mountain glaciers during the last century has raised sea level by 0.2-0.4 mm a -1 , or roughly 20% of the observed change (Warrick and others, 1996; Dyurgerov and Meier, 1997) .
Several studies in the Himalaya have found that individual glaciers have retreated considerably since the 1970s (Higuchi and others 1980; Miller, 1989; Miller and Marston, 1989; Yamada and others, 1992; Kadota and others, 1993; others, 1998, 2001) . The aim of the present study is to summarize evidence from Nepal for changes in the equilibrium-line altitude (ELA) since the beginning of the industrial period, which corresponds roughly to the end of the Little Ice Age (LIA) in this region. We compare these changes in ELA (ÁELA) with changes estimated for recent decades, and investigate the possible causes of the observed spatial and temporal patterns in ÁELA.
THE STUDY AREA
The study area lies in the central part of the Hindu KushHimalaya, in the eastern part of Nepal. The Hindu KushHimalayan range extends >3500 km, from Burma in the east to Afghanistan in the northwest. It comprises several ranges including the Siwaliks, the Lesser Himalaya, the Greater Himalaya, the Karakoram mountains and the Hindu Kush. These mountain ranges are influenced by two major climatic systems: the mid-latitude westerlies and the South Asian monsoon. The South Asian summer monsoonal influence is greatest in the eastern and central part of the Hindu KushHimalayan range (Bhutan, Nepal, Garhwal) . The western parts of the Hindu Kush-Himalaya (Ladakh, Karakoram, Hindu Kush) have a winter precipitation maximum due to the influence of winter westerly winds bringing moisture from the Mediterranean, Black and Caspian Seas, and are climatically similar to mid-latitude mountain ranges.
Individual valleys within the eastern part of the Himalayan range have distinctive local circulation and climatic conditions, depending on elevation, area, orientation and whether they are glaciated. The airflow is driven by the prevailing summer monsoon, but mountain and valley breezes generally prevail on a daily scale (Yasunari, 1976) . Summer precipitation is the main source of annual accumulation on the eastern Himalayan glaciers. Monsoon precipitation is greater in the eastern and southern parts of the Himalayan range than in the western or northern parts (Eguchi, 1994) . The monsoonal regime not only limits accumulation but also decreases ablation because monsoon precipitation is accompanied by cloudy weather which decreases air temperature during the melt season. Ablation is also reduced because the deposition of new snow on the glaciers results in increased albedo, and thus lowers insolation receipts. The glaciers of the eastern Himalaya can be classified as 'summer-accumulation type' in the scheme developed by Ageta and Higuchi (1984) .
SOURCES OF GLACIER INFORMATION
Glaciological observations in Nepal are very scarce, and ELA has only been estimated for a few glaciers. Asahi (1999) has made the first compilation of information about the glaciers in the eastern part of Nepal. This inventory (Asahi, 1999; personal communication from K. Asahi, 2003) is based on topographic maps on a scale of 1 in to 1 mile (i.e. 1 : 63 360) published in 1963 by the Survey of India and at a scale of 1 : 50 000 published in 1997 by the Department of Survey, Nepal. The 1963 topographic map was based on aerial photographs taken in 1958/59, and the 1997 map was based on aerial photographs taken in October 1992. The inventory contains information on the surface area, aspect, highest and lowest elevations in 1992, and the ELA in 1992 for 1116 individual glaciers. It also contains information about the vertical retreat of the terminus between the end of the LIA and 1959 for these glaciers. The 1992 ELA was estimated based on snowline altitudes identified on the October 1992 photographs. In the present study, it is assumed that the snowline equals the ELA for that year. The terminal position of glaciers at the end of the LIA was identified by the presence of moraine, and the terminal positions of glaciers in 1959 and 1992 were identified from the topographic maps and aerial photographs, respectively (Asahi, 1999) .
METHODS AND ANALYSES
The inventory contains glacier information from easternmost (Kanchanjunga Himal) to central Nepal (Langtang Himal). For analytical purposes, we have divided this area into four geographical regions: Kanchanjunga, Khumbu, Rolwaling and Langtang (Fig. 1). When it is necessary to analyze data from the four regions together, we refer to the area collectively as eastern Nepal.
The inventory does not contain all the necessary data for every glacier. Only those glaciers that have both a 1992 ELA estimate and estimates of the vertical retreat of the terminus since either the end of the LIA or 1959 are used in this study.
Glaciers with a surface area less than 0.2 km 2 are excluded from the analysis since the toe-to-headwall altitude ratio (THAR) method does not work for these glaciers. There are many debris-covered glaciers in the Himalaya. Debris cover profoundly influences ablation and its spatial variations: very thin debris cover tends to accelerate ablation by lowering albedo, whereas debris thicker than a few cm tends to insulate the underlying ice, inhibiting ablation (Østrem, 1959; Nakawo and Young, 1982; Kayastha and others, 2000) . Consequently, glaciers with thick debris cover tend to have relatively large ablation areas, with reversed ablation gradients in their lower reaches. This introduces large variations in mass-balance characteristics and ELAs relative to glacier geometry (Benn and others, 2005) . In general, the THAR method to estimate ELA is questionable for debriscovered glaciers. Therefore, we exclude debris-covered glaciers in this paper.
The ELAs for the end of the LIA and 1959 were estimated using the THAR method. The THAR method (Meierding, 1982) assumes that the ELA can be approximated by some constant ratio between the lowest and highest (headwall) elevations of the glacier. The ELA lies midway, in altitude, between the head of the glacier (A h ) and the terminus (A t ). The ELA was computed using
The THAR was calculated for each glacier based on the data (lowest and highest elevations, estimated ELA) in 1992. The calculated THAR for 1992 was used to estimate the ELA in 1959 and at the end of the LIA. The lowest elevation at the end of the LIA (or in 1959) was derived by adding the vertical retreat of the terminus between the LIA and 1992 (or 1959 and 1992) to the lowest elevation of the glacier in 1992. The mean THAR for the basin is used for those glaciers for which there is no information on the 1992 ELA but the vertical retreat of the terminus is known. Glaciers whose estimated 1992 ELAs lie above the headwall elevation were excluded from further analysis. The highest altitude of the glacier at the end of the LIA and in 1959 is assumed the same as in 1992 in the calculation of the ELA. This may lead to an underestimation of the highest altitude at both time periods: the highest altitudes in 1992 were around 6000 m, but this may be lower than during earlier periods because of loss through ice ablation and glacier dynamics.
The LIA is generally assumed to date to AD 1550-1850 (Bradley and Jones, 1992) . Previous studies of former glacial extents in eastern Nepal have been limited to a few regions, and information about the exact dating of the LIA is very limited. Shiraiwa and Watanabe (1991) identified the inner moraine complex of the Yala I Stage in the Langtang valley, Nepal, as having been formed during the LIA, but they could not obtain radiometric dates on this moraine complex. They dated moraines associated with the subsequent advance (Yala II) in the Lirung valley to around AD 1910. Ono (1985) reconstructed the timing of recent fluctuations of Yala Glacier itself using annual moraine ridges. He reported a date of AD 1815 for the last advance of Yala Glacier in the LIA. We therefore take AD 1815 as corresponding to the end of the LIA in eastern Nepal, and use this date to calculate retreat rates. Tree-ring reconstructions from Nepal (Cook and others, 2003) show a gradual increase in temperature after AD 1825, and thus support the suggestion that the LIA was over by this time. We assume that the age for the termination of the LIA in the Langtang region can be used for other regions of Nepal.
RECONSTRUCTED CHANGES IN ELAs AND ÁELAs
The calculated mean ELAs for the end of the LIA, 1959 and 1992, and the 1992 THARs are shown in Table 1 . The ELAs, ÁELAs, rate of change of ÁELAs and THARs are shown for the four regions separately, as well as for eastern Nepal as a whole. The error margins are shown by one standard deviation.
The range of THARs found in eastern Nepal is large. However, the extreme THAR values are found in sites where either the modern ELA is beyond the glacier location or there are large discrepancies between the estimated ELA and the estimated vertical retreat of the glacier. A more realistic estimate of the range in THAR is 0.4-0.9. There is no difference in the mean THAR (or standard deviation) between regions, however, so this variability must reflect local differences in, for example, aspect or valley topography, rather than climatic trends across the region. A similar conclusion is reached by examining the 1992 ELA. The highest and lowest mean ELAs are found in the Khumbu and Langtang regions, respectively. There is no systematic trend in ELA between regions. Although the amount of Indian summer monsoon precipitation decreases from east to west and from south to north in the main Himalayan range, the east-west differences across eastern Nepal are negligible. Again, this supports the idea that both withinregion and apparent between-region differences reflect local differences rather than any systematic change in climate across the region.
The calculated mean ÁELAs for the periods between the end of the LIA and 1959, and 1959-92 are derived from the available data (Table 1 ). There are some discrepancies in the calculated mean ELAs and ÁELAs. The calculated mean 1959 ELA in Rolwaling is lower (5263 m) than the mean LIA ELA (5311 m), although the mean ÁELA between the end of the LIA and 1959 is 80 m. This is due to lack of information about the post-1959 vertical retreat of the terminus of some glaciers in the inventory, and consequently higher-thanaverage 1959 ELAs. This is much improved when all glaciers in eastern Nepal are considered. The mean ELAs and ÁELAs are also calculated only with those glaciers which have all three ELAs and ÁELAs. When these two sets of results are compared, the maximum difference in ELA is 12 m (0.2%) at the end of the LIA, and the maximum difference in ÁELA is 4 m (16%) between 1959 and 1992. This verifies that although there is a small discrepancy in some regions, the calculated values represent mean ELAs and ÁELAs in eastern Nepal.
The mean ÁELA between the LIA and 1959 across eastern Nepal is 54 m ( Table 1) between 1959 and 1992. The rate of change of ÁELA during recent decades differs significantly from that in the earlier period in eastern Nepal. Thus, our data suggest that the glaciers of eastern Nepal have been retreating more rapidly in recent decades than in the earlier part of the century. We have examined the relationships between the vertical shift of the ELA and headwall elevation, glacier area and aspect. There is no correlation between the ÁELA and either headwall elevation or glacier area in all regions for all three periods. The correlation is also very low when the data are pre-divided according to aspect. However, intra-regional variability in ÁELA between the LIA and 1992 is related to glacier aspect. Aspect analysis of ÁELA between the LIA and 1992 shows that glaciers on west-and south-facing slopes have larger ÁELAs than glaciers facing southeast and northwest in the Kanchanjunga region; south-and southwest-facing glaciers show larger ÁELAs than glaciers facing west in the Khumbu region; northeast-facing glaciers show larger ÁELAs than glaciers facing east and northwest in the Rolwaling region; and southeast-and northeast-facing glaciers show larger ÁELAs than glaciers facing south and west in the Langtang region. When all regions are considered, southeast-and south-facing glaciers show larger ÁELAs between the end of the LIA and 1992 than glaciers facing southwest and west in eastern Nepal (Fig. 2) . Thus, in eastern Nepal, southeast-and south-facing glaciers have retreated most in the recent past. Such uneven changes of the ELA with respect to aspect are probably due to local variation in precipitation and solar radiation.
INFERRED CAUSES OF REGIONAL CHANGES IN ÁELA
Instrumental records of temperature (Fig. 3 ) between 1879 and 1977 and precipitation (Fig. 4) Nepal: DHM, 1993) . The precipitation records both from the Kathmandu region (Fig. 4) and from the Langtang valley (Fig. 5) show no significant trend over the recorded period. This suggests that it is highly unlikely that the reconstructed changes in ELA have been caused by changes in precipitation. On the other hand, the temperature records show a warming trend through the historical period. The record from Kathmandu, for example, shows an air-temperature increase of 0.278C between 1897 and 1977 and of $18C between 1975 (Shrestha and others, 1999 .
There are insufficient climate records from the glacierized regions of the eastern Himalaya to be able to investigate how far the observed spatial and temporal differences in ÁELA are a result of changes in individual climate parameters. We have therefore used the ELA-climate model of Kuhn (1989) to estimate the climatic changes required to explain the observed ELA fluctuations.
The ELA-climate model requires the lapse rates for temperature and precipitation, the gradients in latent heat and radiation, and the bulk transfer coefficient for sensible heat to be specified. The mean lapse rate of air temperature in the Langtang valley (0.00538C m -1 : Fujita and others, 1997) is used for glaciers in the Langtang region. The lapse rate of air temperature in the Shorong Himal (0.0068C m -1 (Ageta and others, 1980) ) is used for all other regions. There is a tendency for precipitation to increase with altitude in the Nepalese Himalaya (Higuchi and others, 1982) . Yasunari and Inoue (1978) noted that total rainfall around 5000-5500 m in the Khumbu region was about four times higher than at Lhajung station (27853 0 N, 86850 0 E; 4420 m a.s.l.) during the 1976 summer monsoon season. In the Langtang valley, the rainy-season precipitation at 5000 m a.s.l. was 1.3 times larger than at 4000 m a.s.l. (Seko, 1987) . We have therefore assumed a precipitation gradient of 0.2 mm m -1 for eastern Nepal. If the accumulation gradient is lower than is assumed (remembering the gradient can be negative as well, with precipitation decreasing with elevation), then the temperature changes calculated by the model will be too large. Compared to the mid-latitudes, this lower accumulation gradient increases the sensitivity of ELA to temperature changes. The gradients of latent heat and radiation balance with altitude are assumed to be zero. The bulk transfer coefficient for sensible heat is assumed to be the minimum value (5.8 W m -2 K -1 ) given in Kuhn (1989) . The results from this modelling exercise are similar for all four regions of eastern Nepal (Table 2) . That is, the change in ELA could be produced by either a temperature change of 0.72-0.918C, a decrease in precipitation of 129-164 mm a -1 or an increase in effective global radiation of 4.16-5.29 W m -2 . The limited observations of precipitation indicate no significant change in precipitation during the historic period, either at low-elevation (i.e. Kathmandu) or at high-elevation (i.e. Langtang) sites. A decrease of 129-164 mm a -1 should have been apparent in these records. Thus, it seems unlikely that decreased precipitation is responsible for the observed changes in ELA. There are no long-term data on radiation from eastern Nepal, so we are unable to evaluate the possibility that the observed changes are caused by an increase in global radiation, except to say that the magnitude of the change (4.16-5.29 W m -2 ) is implausibly large. However, the change in temperature required to explain the observed changes in ELA between the end of the LIA and 1992 is entirely consistent with the instrumental records. The increase in temperature in the Kathmandu area between 1897 and 1994 is of the order of 1.258C ( Fig. 3 ; Shrestha and others, 1999) , and this warming alone could produce the observed regional shifts in the ELA between the end of the LIA and 1992. Shrestha and others (1999) found that the warming in Kathmandu between 1977 and 1994 was more limited than the warming in the highelevation regions of Nepal (Middle Mountains and Himalaya) compared to southern regions (Siwalik and Terai). Thus, there seems to be little difficulty in imagining that sufficient warming took place at the elevation of the glaciers to account for the observed change in ELA. Radiation definitely provides a major contribution to the warming, but due to the lack of radiation data we could not establish its contribution quantitatively.
DISCUSSION
The main sources of error in the present study are the assumption of the snowline altitude as an ELA in 1992 (not steady-state ELA) and the assumption that the head of the glacier at the end of the LIA and in 1959 is the same as in 1992. These errors are due to the limitations of the available data. The other error may be due to the assumption that the LIA ended in 1815. We have shown that the average yearly rise in ELA in eastern Nepal between 1959 and 1992 (0.76 m a -1 ) is significantly larger than the average yearly rise between the LIA and 1959 (0.38 m a -1 ). The large difference in the rates between the two periods is, to some extent, dependent on the assumption that the LIA ended in AD 1815. Using the date for the end of the LIA globally (AD 1850) would result in an estimated average rise between the LIA and 1959 of 0.50 m a -1 (std dev. 0.38), and a less pronounced difference between the rates in the earlier and later periods. Nevertheless, even these estimates would still be consistent with an increase in the rate of glacier retreat after 1959. Furthermore, our findings of a significant increase in glacier retreat in recent decades are consistent with short-term observations from the region. Fujita and others (1998) showed that terminus retreat and surface lowering in the Langtang region was more rapid in the 1990s than in the 1980s. Yamada and others (1992) found that the retreat rate of some glaciers in the Khumbu region was accelerated during the 1980s compared to the 1970s. Previous observations of glacier termini fluctuations in the Nepalese Himalaya are given in Table 3 (Fushimi and Ohata, 1980; Yamada and others, 1992; Kadota, 1997; others, 1998, 2001) . The surface lowering rate of Glacier AX010 between 1978 and 1991 was 0.71 m a -1 and increased to 1.14 m a -1 between 1991 and 1996 (Kadota, 1997) . Similarly, the surface lowering rate of Yala Glacier was 0.31 m a -1 between 1982 and 1994 and increased to 1.05 m a -1 between 1994 and 1996 (Fujita and others, 1998) . Thus, these individual studies confirm our conclusion that the glaciers in the Nepalese Himalaya have been retreating more rapidly in the recent past than in the earlier parts of the industrial era.
We have suggested that the increased rates of retreat in recent decades are mainly due to increased air temperature. Seko and Takahashi (1991) have suggested that glacier Kathmandu, (1852 Kathmandu, ( -1952 and Kathmandu airport (1968-96) . The 10 year running mean is shown with a thick line. fluctuations in the Khumbu region in the 1980s followed the fluctuations in air temperature more closely than changes in precipitation. Kayastha and others (2005) also found increased river discharge during the 1990s in the glacierized Langtang and Lirung Khola basins as a result of increased glacier melting with increased air temperature. Precipitation did not change significantly in the 1990s. Thus, it seems likely that increase in air temperature is the main reason for glacier retreat and hence the shift of the ELA upwards in the Nepalese Himalaya. We have shown that the magnitude of the change in ELA varies with aspect. This finding is consistent with a recent study of the changes in tropical snowline elevation between the Last Glacial Maximum (LGM) and the present (Mark and others, 2005) , which showed that ÁELA within the region was strongly influenced by aspect. In the Himalaya, they have found that the largest changes in ELA occurred on westand southwest-facing slopes. However, Mark and others (2005) found that most of the variability in the ÁELA between the LGM and the present was explained by headwall elevation, a proxy for the size of the catchment contributing to the glacier and the glacier slope. We have been unable to show a similar relationship for more recent glacier fluctuations. Given the strength of the relationship between headwall altitude and ÁELA shown by Mark and others (2005) , we suggest our failure to identify such a relationship in the present study reflects the fact that the differences in the size and slope of the glaciers considered in the present study are rather small.
CONCLUSIONS
The estimated ELAs for 1992 for debris-free glaciers in eastern Nepal range from 5300 m in Langtang to 5600 m in Khumbu. The ÁELAs of debris-free glaciers between the end of the LIA and 1992 LIA and , and between 1959 LIA and and 1992 eastern Nepal are 79 and 25 m, respectively. The most probable cause of these changes in ELA is increased air temperature. This study confirms that the rate of average ELA rise of glaciers between 1959 and 1992 is much more than the ELA rise between the end of the LIA and 1992. The higher rate of the ELA rise between 1959 and 1992 is attributed to the significant warming that occurred after the 1970s at higher altitudes in Nepal. The ELA-climate model and a long climatological record of Kathmandu indicate that the air-temperature increase in the second part of the 20th century can explain the observed ELA changes in eastern Nepal. The fact that the magnitude of the change in ELA varies with aspect, however, shows that other factors (e.g. precipitation or radiation receipts) may amplify the response to this warming. 5 1987-89 -3.4 1989-94 -3.9 1994-96 -4.3 
